In this paper, we have proposed a new real coded genetic algorithm with species and sexual selection (GAS3). GAS3 is a distributed quasi steady-state real-coded genetic algorithm. GAS3 uses sex determination method (SDM) to determine the sex (male or female) of members in population. Each female member is considered as a niche in population and the species formation takes place around these niches. Sexual selection strategy selects female and required number of male members from the species to perform the recombination operation. The Parent-centric recombination operators are used to generate offspring. If species is not performing well, then the merging to the nearby species takes place. Explorative recombination operator is used to explore a wide range of search space in the beginning, while exploitative recombination operator is used in the later stages. The performance of GAS3 is tested on unimodal and multi-modal test functions. It got success in solving wide range of problems. Its performance is also compared with the other real-coded genetic algorithms.
I. Introduction
Darwinian biological evolution, i.e. gradual adaptation through natural selection is a process consisting of three component principles: variation, heredity and individual selection. Variety and diversity, whether fully random or not, are essential because without them there can be no evolution whatsoever. The information driving evolution in actual cases is the distribution of variation in a given population. Variation comes forth via mutations and sexual recombination. Heredity means selected units have some degree of durability and resilience, via a mechanism that passes on characteristics to other units. Individual selection is based on competition between individuals in the face of selection pressure (scarce resources, space, mating partners, etc.). Co-evolution in biology can be considered the result of merging (community and population) ecology and evolutionary biology [1] . Genetic algorithms (GAs) are search and optimization procedures that are motivated by the principles of natural selection and natural genetics. Some fundamental ideas of genetics are borrowed and used artificially to construct search algorithms that are robust and required minimum problem information [2] . In GAs, the role of selection and recombination operators is very well defined. Selection operator controls the direction of search and recombination operator generates new regions for search.
In real-coded GAs (RCGAs), chromosome is a realparameter decision-variable vector. The recombination operation is a method of sharing information among chromosomes. The recombination operator has always been regarded as the main search operator in GAs as it exploits the available information in previous samples to influence future searches. The detailed study on recombination operators can be found elsewhere [3] [4] . The parent-centric crossover operators (PCCOs) used in RCGAs; in general, use a probability distribution for creating offspring in a restricted search space around the region marked by one of the parent, the female parent. The range of this probability distribution is controlled by distribution index. Generation of offspring depends on the distance among the female parent and the other parents involved in the recombination operation, the male parents [5] . The sex of individuals in population can be determined either randomly or based on some problem specific knowledge where individuals with certain trails are chosen to be one sex while the rest are chosen to be of another sex. In most of the PCCO's solutions are selected randomly for mating. The work on non-random mating in GAs, refers to the incest-prevention techniques or assortative mating. Lozano et al. [6] proposed the uniform fertility selection method for the selection of a female parent and the negative assortative mating technique for the selection of a male parent. For male and female parents selection, SexualGA [7] uses two different selection operators. In this way the multiple combination of different selection can be realized. During evolution, the genetic diversity or variety in population makes the search more effective and it also prevents GAs from a premature convergence. The centralized or distributed methods are used to prevent premature convergence. A centralized one, such as incest prevention or assortative mating incurs high overhead in global comparison. A distributed method divides the whole population into small groups or sub-populations and let these sub-populations evolve separately. A migration mechanism exchanges individuals between subpopulations, allowing the new diversity to be injected into converging subpopulations. The gradual distributed RCGA (GD-RCGA) [8] applies different crossover operator to each subpopulation. These operators are differentiated according to their associated exploration and exploitation properties and the degree thereof. The effect achieved is a parallel multi-resolution with regard to the crossover operator's action. The subpopulations are adequately connected for exploiting this multi-resolution in a gradual way. In the dynamic distributed GA with directed migration [9] , the population is divided into sub-populations, but there still exists a central monitor, which observe the performance of each sub-population and adjust their size accordingly after certain generations. The gendered GA [10] divides population in male and female sub-populations. The selection strategy selects male on competitive fitness and female on co-operative fitness basis.
A population of GAs is altered by the four user-defined plans in the evolution process. These are selection, generation, replacement and update plans. The population diversity versus selection pressure problem has been tackled, considering both the parent selection and the replacement plans of steady-state GA (SSGA) [11] [12] .
In the sexual selection scheme based GAs, an individual in the population is identified as male and female. But to our knowledge in GAs, no strategy (except random) for male and female identification is proposed. Methods proposed for artificial niche formation uses sharing, crowding, or other modifications to the selection or replacement process. These methods introduce one or more parameters such as the sharing radius, in fitness sharing or the crowding factor in crowding. These parameters cannot be set easily without prior knowledge of the fitness landscape. The inter-species migration and mating is proposed in many algorithms, which are uncommon in nature. In this paper, we have proposed Genetic Algorithm with Species and Sexual Selection (GAS3). GAS3 is based on the facts that 1. Nature generally differentiates the individuals of an organism into more than one class.
2. In nature, organisms are living in a group. Formation of groups (i.e. species) takes place based on requirements. 3. In nature, sexually reproducing organisms do not mate indiscriminately. 4. In nature, species migrate to regroup for survival. GAS3 uses sex determination method (SDM) to determine the sex (male or female) of members in population. Each female member is considered as a niche in the population and the species formation takes place around these niches. Species formation is based on Euclidean distance between female and male members. Each species contains one female member and zero or more male members. All species gets equal chances to produce offspring using PCCO or mutation operator. The sexual selection strategy selects female and required number of male members, from species to perform recombination operation. After a certain generation the performance of the species is evaluated. If species is not performing well, then the merging to the nearby species takes place. The parent centric self-adaptive multi-parent recombination operators are used to explore the search space. The species formation, merging and sexual selection technique helps to exploit a search space. This paper is organized as follows: section 2 introduces multi-parent, parent-centric recombination operators MPX and MLX. Section 3 presents the basic framework of GAS3. This section also covers discussion on SDM, species formation scheme, sexual selection strategy and merging of species. The section 4 covers the issues related to experimentation methodology like algorithm, test problems. Section 5 elaborates the discussion on empirical results of proposed algorithm over unimodal and multi-modal test functions. This Section also gives comparison of GAS3 with other real-coded genetic algorithm and evolutionary strategy proposed in literature. Finally, we draw some conclusions in Section 6.
II. Parent-Centric Crossover Operators
PCCOs assign more probability for creating offspring in neighborhood of the female parent than anywhere in the search space. The neighborhood-based crossover operators used in RCGA are based on uniform, polynomial, triangular or lognormal probability distribution. The ranges of these probability distributions depend on the distance among the genes of the female parent and the genes of the male parents. PCCOs have two important features [5] PCCOs define a probability distribution of offspring solutions based on some measure of distance among the parent solutions. Depending upon the current level of diversity in the population they may favor the production of additional diversity (divergence) or the refinement of the solutions (convergence). This behavior is achieved without using an external adaptive mechanism. The performance of RCGA on a particular problem strongly determined by the degree of exploration and exploitation associated with the crossover operator being applied. The degree of exploration and exploitation can be controlled by using a proper value of distribution index of probability distribution used by them Multi-parent recombination operator combines the features of more than two parents to generate offspring. A family of parent centric multi-parent recombination operator includes parent-centric recombination operator (PCX) [11] , multiparent polynomial distribution recombination operator (MPX) and multi-parent lognormal distribution recombination operator (MLX) [13] .
A. MPX and MLX operators
MPX is a multi-parent extension of the simulated binary crossover (SBX) operator. MLX is a multi-parent extension of the simulated binary crossover with lognormal distribution (SBX-l) operator.
A prototype algorithm for MPX or MLX operator is as follows: a) From the population select the best parent (female parent) and other (-1) random solutions (male parents). The participation of genes or variables in the offspring generation process depends on the crossover probability. If crossover probability (p c ) is 0.5 then only 50% out of n variables, undergo recombination. is the number of participating parents in recombination operation. b) For each gene (i=1-n) undergo recombination. Execute the following steps i) Choose u i randomly from the interval [0, 1]. ii) Using polynomial or lognormal probability distribution function, find the ordinate β i so that the area under the probability curve from 0 to β i is equal to the chosen random number u i .
Or Compute β i for MLX using iii) Calculate
iv) Generate two genes around the gene of female parent (say x 1 ) using
It is shown that the MPX operator is more exploitative in nature and the exploitation range decreases with increase in ,W LV DOVR VKRZQ >@ WKDW WKH 0/; LV PRUH H[SORUDWLYH LQ nature i.e. it is capable to generate genes in the wider range around the parent gene. Its exploration range increases with LQFUHDVH LQ $OVR LW LV REVHUYHG WKDW WKH SUREDELOLW\ RI creating genes near the parent gene is almost zero in MLX.
III. Genetic Algorithm with Species and Sexual Selection (GAS3)
GAS3 is a distributed quasi steady-state genetic algorithm with species and sexual selection scheme. Each iteration generates offspring in each species and updates subpopulation. There is a generation gap but not as wide as in generational GAs that makes GAS3 quasi steady state GA. The pseudo-code for GAS3 is as follows 1. Create initial population 2. Use sex determination method to determine the sex of an individual 3. Species evolution phase creates many species around niches 4. Repeat { 4.1 For certain number of evolution with each species in population do { 4.1.1 Selection Plan: Choose one female parent and male parents from species S (the set M).
Generation Plan:
Create the offspring set C from M.
Replacement Plan:
Combine solutions in C and M to form set R. Arrange members in R according to their fitness. Examine the performance of each species and merge species. } Until (termination condition) This is a generalized framework for GAS3, where one can use his own sex determination method, species evolution scheme, four plans for evolution and scheme for merging of species.
A. Sex Determination Method (SDM)
Nature generally classifies individuals of an organism, into more than one group. The sexual differentiation is a typical example, where the individual generally belongs to either male or female group. The prevalence of this form of differentiation indicates an associated advantage, which appears to be in terms of cooperation between two dissimilar individuals, who can at the same time specialize in their own fields [2] . Unlike the natural genetics in GAs, the sex of an individual in population is not known. The sex identification method determines the sex of an individual in the initial population.
Bandyopadhyay et al. [14] developed GA with chromosome differentiation that distinguishes chromosomes in two categories (M and F). The two populations are generated in such a way that the hamming distance between them is maximized. A crossover takes place between species from different categories. Goh et al. [15] used random selection mechanism for SDM. García et al. [5] proposed female male differentiation method where group of female consists of N F best individuals in population and group of male consists of N M best individuals in population (N F <N and N M <N, N is the population size). In addition, it should be ensured that either N F =N or N M =N is fulfilled. Hence individual in population is either female or male, or both.
The method proposed here gives equal chances to all members in initial population to produce offspring. If an individual produces better offspring, then its performance (or fertility) count is incremented. After certain generation of evolution, the performance count of each member is examined. The individuals, who performed better than the average performance count, are treated, as female members and rest of the individuals are male members. The fertility (more fertile is a female) is the criterion used for sex identification. Number of chances (equal for all members) given to each individual to reproduce offspring is a mechanism to handle selection pressure in SDM. The method is outline as follows: Let N is population size. Let R refers to the parameter responsible for setting selection pressure (S) in SDM. Every member in population gets S number of chances to prove its fertility by producing offspring. High value of S (i.e. R is low) gives more chances to an individual to produce offspring. This put a more pressure on the individual to prove its fertility and makes SDM more exploitative. Low value of S makes SDM mild. SDM is deterministic in nature and each female represent an elite solution in the population.
B. Species evolution phase
The specialization permitted by sexual differentiation is carried further in nature through species and niche exploitation. A niche is an organism's job or role in an environment, and a species is a class of organism with the common characteristics. Each female member is considered as a niche in population and its job is to form the species around it. In the proposed algorithm, species formation is based on Euclidean distance between female and male members. Each species contains one female member and zero or more male members. The proximity is the measure used to quantify the degree of similarity between members. A low value of the proximity between two members means these members are similar. The sub-population formation algorithm is described as follows: 1. Population P of N members is divided into subpopulations SP 1 , SP 2 …SP f , where f is number of female members in P. Each sup-population contains one female member.
For each male member in P do
Find the nearest female by calculating Euclidean distance between male and each female 3. The male members are added to the sub-population related to the nearest female.
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The time complexity of this algorithm is O (f* (N-f) ). Many species are constructed dynamically using distance-based clustering algorithm. This method permits us to create clusters of varying size and shape without any parameters.
C. Sexual Selection Scheme Incest-prevention technique and assortative mating plan are restricted mating strategies. In the work [16] , a new selection scheme inspired by the animal mating behavior is proposed. This inspiration causes a new idea to apply dissimilar measurement to the pair of individual. The member with a higher fitness value has more chance to select as first mate. The second mate is selected by consideration of another feature, which can be depended on the first partner (this process is called seduction). Subsequently, in the work [17] , the chance to be selected as the second partner is affected from the combination of the fitness value and the difference from the first partner with predefined weights of these two values. Since, the mating procedure depends on the difference in each pair of individual; it can maintain the population diversity in an indirect way. Lozano et al. [6] proposed the uniform fertility selection scheme for female parent and negative assortative mating for the selection of male parent. In gendered GA [10] , selection of males based on competitive fitness and female is selected co-operative fitness. In the work [15] , male and female populations are formed by selecting members randomly. For each female member in female population mating male is decided by playing a tournament between two members selected from male population randomly.
It is observed that the inter-species mating tends to generate low performance offspring. Taking into account that, the species in different ecological niches don't compete for the same resources but evolve independently of each other. However, it is possible to generate fruitful offspring in species by maintaining some selection pressure, when similar individuals do mate with one another. In GAS3, we restricted mating in species only and no inter-species mating is allowed. The male members are selected randomly from sub-population and mate with the female member of the same sub-population. If the species do not contain any male member, then the female undergo mutation operation instead of recombination operation.
D. Merging of Sub-populations
The distributed paradigm enables the searching to be in progress simultaneously in more than one direction, and prevent best fitting individuals to dominate their species. In distributed GAs, migration mechanism exchanges individuals between subpopulations, thus allowing new diversity to be injected into converging subpopulations. For a constant number of generations, these sub-populations evolve independently, evaluating their respective individuals and breeding new ones. At the end of these generations, a central monitor compares the performance of all these subpopulations. The subpopulations isolated for a certain time keeps the diversity of the population high. After migration new promising areas can be discovered by crossing over.
Merging of species that converge on the same niche will have the effect that niches with a bigger basin of attraction will be populated by the species with more members. But this mechanism also guarantees, that if an algorithm is converged there exists at most one species per niche. This enables an algorithm to identify global/local optima directly, by returning the best individual of each species. The clustered based niching method (CBN) for evolutionary algorithm [18] , splits the sub-populations for dynamic specialization and merge the species to allow one subpopulation per niche. The distributed algorithm with migration and/or merging permits each sub-population to change their size in response its performance. The better species are encouraged and poorer ones are marginalized Merging of two or more similar species set a synergy, in which hybridization of species may produce better offspring. GAS3 evaluates performance of each species after certain number of generations and the species not performing well are merged into nearest species (similar in phenotype). Phenotype similarity between species is calculated by measuring the Euclidean distance between female of the species not performing well and other female members in population. The age-based strategy can also use to reduce gravity of marginalization i.e. young species may get some chances to survive. Merging of species wipe out its separate existence in the population. Thus its male and female members are become male members in merged species. The duration (number of evolution) is a key feature in merging. If duration is short then species may not get sufficient chance to prove its performance and loss of such species may prevent algorithm to reach to the true optimum. The high value of duration gives non-performing species unnecessary chance to produce offspring that leads to more number of function evaluations.
E. Replacement Plan
The fitness value of the evenly produced offspring is compared with the fitness value of its parents in order to decide whether or not the evenly produced offspring is accepted as a member of the next generation. The offspring is accepted as a candidate for the further evolutionary process if and only if the reproduction operator was able to produce an offspring that could outperform the fitness of its parents. This strategy guarantees that evolution is presumed mainly with crossover results that were able to mix the properties of their parents in an advantageous way. Hence, via these means we are in a position to attack one of the reasons for a premature convergence, namely the loss of relevant genetic information due to improper crossover operation. Furthermore, this strategy has proven to act as a precise mechanism for self-adaptive selection pressure steering [7] . An offspring is better than the parents, if it surpasses the fitness of the parent in mating pool. In update plan, it replaces the parent whose fitness is just less than offspring.
IV. Experimental Setup
GAS3 is a generalized model; hence one can use his own sex determination method, species evolution scheme, four plans for evolution and scheme for merging of species. For the experimentation, fertile female scheme is used for SDM. Different values of R test effect of selection pressure on performance of the algorithm. Explorative recombination RSHUDWRU 0/; ZLWK LV XVHG ZLWK ILYH SDUHQWV (=5) to generate two offspring. MLX explores wide range of search space in the beginning. Proximity based species evolution scheme has constructed, the species around female parents. The parents, selected by sexual selection scheme undergo recombination or mutation operation. The exploitative UHFRPELQDWLRQ RSHUDWRU 03; ZLWK 1) is used with the male parents selected randomly from species (<5) and merging is performed after (N*N/R) number of evolution. Any good search algorithm must explore a large search space in the beginning and the search should then narrow down as it converges to the solution. To support this property explorative operator MLX is used in SDM and exploitative operator MPX is used in further evolution. 50 independent runs are executed for all possible combination of parameters R, N and p c . Other parameters in GA are set as given in Table 1 .
A. Test functions
The minimization experiments have been performed on unconstrained unimodal and multi-modal functions with or without epistasis among n-variables as shown in Table 2 . Using skewed initialization these functions are evaluated for global minima at 0.
V. Experimental Results and discussion
The experimental results of GAS3 with test function show that, its performance on unimodal and multi-modal functions strongly depends on value of R. It is observed that, for unimodal functions as the value of R increases, number of function evaluations (FES) decreases, and for multi-modal functions as the value of R increases, FES also increases. GAS3 has performed better, with unimodal functions for high value of R and with multi-modal function for low value of R. Since the parameter R plays important role in SDM and merging of species of the algorithm. The low value of R means the population members gets more chance to prove its fertility to become a female member. This creates a high selection pressure that results into well-defined niches in population to solve multi-modal functions efficiently. Also the low value of R lengthens the duration (i.e. number of evolutions) to perform the merging, helps the species to prove their survival by exploring/exploiting search space. The high value of R sets a low selection pressure and narrow down the duration of merging that helps in solving unimodal functions. Table 3 shows performance of GAS3 on multimodal functions against R. Table 4 shows performance of GAS3 on unimodal functions against R. The characteristic parameter R allows GAS3 to design two different kinds of specialization algorithms. GAS3 with R=10 (U-GAS3) is capable to solve unimodal functions very accurately. GAS3 with R=1 (M-GAS3) is capable to solve multi-modal functions very efficiently and reliably. The disruptiveness of chromosome depends upon the number of genes changed due to the recombination operation. This disruptiveness on the one-hand leads to more diverse exploration that can prevent a premature convergence, but on the other hand, it slows down the convergence speed at the same time. From empirical results it is observed that p c =0.3 or 0.4 is suitable for multi-modal function optimization and p c = 0.4 or 0.5 is suitable for unimodal function optimization.
The choice of population size has a strong interacting effect on the results. When the population size is too small for the complexity of a particular search space, it lacks the information capacity to provide accurate sampling. However, a larger population results in better solutions but the GA must be run for a greater number of generations. Table 5 and 6. It is observed that the small population size failed to achieve 100% success in solving some of the test functions. Also for most of the functions, increase in population size increases the AFES. Hence, we have selected N=100 for further experimentations. Table 7 displays test result of U-GAS3 and M-GAS3 on test functions. U-GAS3 achieved almost 100% success in solving all unimodal test functions. f Ros is a continuous, nonseparable and unimodal function, with the optimum located in a steep parabolic valley with a flat bottom. U-GAS3 struck to strong local minima at 3.98662 in 2 runs out of 50. M-GAS3 achieved almost 100% success in solving all multimodal test functions.
García et al. [5] proposed Female and Male Differentiation (FMD) method. The Uniform Fertility Selection (UFS) is used to select a female parent and the Negative Assortative Mating (NAM) is to select a male parent. The parent centric crossover operator is used to generate offspring from the selected parent. They proposed Local-RCGA to solve unimodal functions accurately and Global-RCGA to offer reliable solution in solving multimodal functions. Finally, they proposed hybridization technique to put together above two specialization algorithms. GL-25 is a hybrid model that runs Global-RCGA during the 25% of the available evolution and then it performs Local-RCGA. For experimentation, stopping criterion is maximum of 10 5 FES. The performance comparison of U-GAS3, M-GAS3 with Local-RCGA, Global-RCGA and GL-25 is shown in table 8. M-GAS3 and Global-RCGA are particularly designed to solve multimodal problems. It is observed that M-GAS3 has outperformed Global-RCGA in almost all functions. Local-RCGA has shown better performance than U-GAS3 in solving uni-modal test functions. M-GAS3 performed better than GL-25 in solving f rast and f grie . M-GAS3 has solved unimodal function except f ros , upto accepted level of precision.
We have compared the performance M-GAS3 with G3-MHX [19] and NAM-UFS-PBX-0.8 [6] algorithms. The results of NAM, UFS & PBX based algorithm are taken from literature. Table 9 shows that M-GAS3 performed better than both the algorithms in solving f rast and f grie. The Griewangk function has a product term that introduces strong interdependence among the variables. The optima of the Griewangk function are regularly distributed. It is considered as one the difficult multi-modal problem to solve. The remarkable achievement of M-GAS3 is it has reached to global minima of this function where other algorithms failed to do it.
VI. Conclusions
This paper presented genetic algorithm with species and sexual selection (GAS3), a basic framework for distributed quasi steady-state RCGA. The major contribution of this study is the introduction of Sex Determination Method (SDM), species-formation (clustering) scheme without parameters and species-merging scheme. SDM is based on fertile female strategy, to identify sex of an individual in the population. A cluster around each female solution is formed in the species formation scheme using distance-based clustering algorithm. The species migration is a common method used in distributed algorithm for diversity preservation. The proposed species-merging scheme sets a synergy in which hybridization of species may produce better offspring and inject diversity into population. The explorative recombination operator, MLX is used to explore a wide range of search space in the beginning and exploitative recombination operator; MPX is used in the later stages. We have proposed two different kinds of specialization algorithms, based on characteristic parameter R. GAS3 with R=10 (U-GAS3) is capable in solving unimodal functions very accurately. GAS3 with R=1 (M-GAS3) is capable in solving multi-modal functions very efficiently and reliably. The test result of U-GAS3 has shown that it achieved almost 100% success in solving unimodal test functions. The test result of M-GAS3 has shown that it achieved almost 100% success in solving multi-modal test functions. We have compared performance of U-GAS3 and M-GAS3 with recent RCGA. We have proposed M-GAS3 as a robust GA that is capable to solve a wide range of unimodal and multi-modal problems, very efficiently.
GAS3 is a generalized model; hence one can use his own sex determination method, species evolution scheme, four plans for evolution and scheme for merging of species. In extended study we are intended to work on: 1. Design of adaptive population size algorithm, 2. Design of self-adaptive mechanism to adjust the value of parameter R, 3.We have used random selection scheme for selecting male parents for recombination operation, deterministic selection method may offer some selection pressure, 4. Age of species may be considered as another parameter while merging species, 5. Use of self-adaptive mechanism to select recombination operator to generate offspring during evolution.
